Cortical bone porosity has been evidenced as being a major if not the major 'footprint' of bone loss and fragility. Several studies report that cortical bone behaves like a waveguide. Measurements of guided mode wavenumbers together with appropriate waveguide modelling have therefore the potential for providing estimations of effective stiffness coefficients (which are largely determined by cortical porosity) and also cortical thickness. However, data interpretation is challenging due to the heterogeneous, dissipative and irregular nature of the wave guide. Moreover surrounding and internal tissues modify the guided modes. This paper presents measurement of the wavenumbers of guided wave modes, using a multi-transmitter multi-receiver axial transmission probe. The method has been previously validated on isotropic elastic and visco-elastic plates covered by a soft tissue-mimicking layer. As an extension of our previous works, we have conducted in vitro experiments on (i) bone-mimicking tubes without and with soft-tissue mimickning layers and on (ii) human radius and tibia specimens. Despite challenging measurement conditions owing to low signal-to-noise ratio, guided mode wavenumbers have been successfully measured. The results were consistent with a free plate model. Data inversion led to an reasonably accurate estimate of the shell thickness and bulk velocities for all cases.
INTRODUCTION
Since more than ten years, guided waves have been known to be supported at ultrasonic frequencies by long cortical bones, such as tibia or radius. 1, 2 The frequency-dependent phase/group guided mode velocities, which are determined by bone elastic or geometrical properties, have thus the potential to be used as surrogate markers of bone strength. To date, in most in vivo axial transmission measurements, attention was focused on the measurement of the first arrival signal, denoted FAS. It has been measured on the leg (tibia) [3] [4] [5] [6] or the forearm (radius). [6] [7] [8] [9] Yet, measurements of dispersion curves have not been thoroughly investigated in vivo.
In vitro measurements of frequency dependent guided modes were achieved on bone specimens. Several authors used a fixed transmitter and a mobile receiver on bovine tibia. Different frequency excitation and signal processing techniques have been considered. Lefebvre et al. 10 used the spatio-temporal Fourier transform at 0.1 MHz and identified three plate or Lamb modes: A0, S0 and A1. Ta et al. 11 used the phase spectrum method with ultrasonic frequencies of 0.5 and 1 MHz. Three longitudinal tube modes were measured: L(0,1), L(0,2) and L(0,3). Le et al. 12 applied seismological principles at 1 MHz and identified different propagation paths, combination of the P and S waves. However, in all these approaches, the signals transmitted through the cortical layer along the bone axis must be recorded over a sufficiently large propagation distance (between 60 and 160 mm) in order to allow a clear separation of the different signals components in the time domain, which precludes the direct application of these methods to clinical measurements. The bone segment that can reasonably be investigated is limited to approximately 20 to 30 mm due to strong bone heterogeneities and variations of soft tissue thickness along the receiving area. Time-frequency analysis with a single transmitter -receiver configuration, has been proposed to overcome the need for an extended propagation distance. When applied on a sheep tibia, Protopappas et al. 13 were able to identify several plate or Lamb guided modes A0, S0, A1, S1 and A2. However, accurate model and advanced extraction tools are required to identify individual guided modes.
To overcome these limitations, a signal processing method has recently been proposed taking advantage of a multi-emitter and multi-receiver axial transmission configuration.
14 At each frequency f of the bandwidth, the most energetic singular vectors of the response matrix are interpreted as the signal subspace basis. The so-called Normfunction corresponds to the projection into the signal subspace of non attenuated plane waves (real wavenumber k). Guided modes are associated with Norm maxima in the (f-k) domain. The method has been first validated for non dissipative materials such as copper plate, 14 using probes initially designed for FAS clinical measurements. 15 In this case, measured Norm maxima values are closed to 1. In presence of absorption, the magnitude of the maxima of the Norm-function decreases, which degrades the ability to extract guided modes. The method has been extended to the case of absorbing media such as cortical bone. 16 The Norm-function is generalized by considering attenuated plane waves (complex wavenumber k +iα). The Norm maxima are shown to be enhanced, allowing more reliable measurements of dispersion curves and assessment of the order of magnitude of the attenuation of the guided modes.
Moreover, the influence of the soft tissue layer, introducing additional guided modes, has been investigated. 17 The modes propagating in the bone mimicking plate covered by the soft-tissue phantom are only slightly modified compared to their counterparts in the free bone-mimicking plate, and they are still predicted by an elastic transverse isotropic two-dimensional waveguide. In this paper, two bone-mimicking phantoms are compared: a plate and a tube with similar thickness made of the same material.
SIGNAL PROCESSING
A 1 MHz broadband linear array (Vermon, Tours, France) was used. For the sake of completeness, the main lines of the SVD-based signal processing technique are recalled. 14, 16 The recorded signals r ij (t), with i and j the emission and reception indices ranging from 1 to N E and 1 to N R , respectively, are first Fourier-transformed, resulting in a N E ×N R matrix R with element R ij (f) for each frequency f. In this paper, N E = 5, N R = 24. At each frequency f, the R matrix is decomposed according to its singular values and vectors. Signal to noise separation is then achieved by applying a first heuristically selected threshold t 1 on the singular values. The basis of the signal subspace is then constituted of the M reception singular vectors, denoted U m , such that their associated singular values are higher than t 1 . Normalized spatial plane waves defined on the reception array are subsequently decomposed on the basis U m , giving rise to the so-called Norm function defined by
where e test (k, α) is proportional to exp{i(k+iα)x R } with k and α the real and imaginary parts of the testing wavenumber. Its norm is defined equal to 1. The scalar product <U m | e test (k, 0)> corresponds to the normalized spatial Fourier transform of the singular vector U n . Thus, the SVD can be interpreted as a denoising step between the temporal and spatial Fourier transforms.
The Norm function values range from 0 to 1. If k corresponds to a guided mode wavenumber k exp , the Norm function is close to 1, and the guided mode is projected in the singular vectors basis. If k does not correspond to a guided mode wavenumber, the Norm function is small compared to 1. Subsequently, a second heuristically chosen threshold t 2 is applied to the Norm function, the values of which larger than this threshold correspond to the guided modes wavenumbers k exp . Maxima are extracted in a three dimensional (f-k-α) domain. 
BONE-MICMICKING PHANTOMS
Two bone-mimicking phantoms, a plate and a tube of similar thickness, made of the same material are considered. The thickness of the plate and the tube are equal to 2.3 and 2 mm respectively. The diameter of the tube is equal to 20 mm. These thickness are typical of the cortical thickness of the human radius. The material is made of oriented glass fibers embedded in epoxy (Sawbones ® , Pacific Research Laboratories, Washington, USA). The material is absorbing and considered as transverse isotropic. 16, 17 Its elastic properties, summarized in table 1, are close to those of actual bones. The mass density ρ of the bone mimicking plate is equal to 1.64 g.cm -3 . The stiffness coefficients C 11 , C 33 , C 44 and C 55 were deduced from bulk compression and shear velocities measured using contact transducers. The stiffness coefficient C 13 was deduced from C 33 and C44 using C 13 = C 11 −2C 44 . plate or tube 22.5 C 11 13.5 C 55 4.1 C 13 5.9
RESULTS
Results for the two bone mimicking phantoms, a 2.3 mm thick plate and a 2 mm thick tube are presented in figure 2 . First, the five singular value spectrum are compared in figures 2(a) and (b). The spectra are mostly similar. However the maxima is lower in the tube case in comparison with the plate case. It is due to the contact surface between the probe and the phantoms which is smaller for the tube. The difference is about 5 dB. In both cases, the noise level (about 40 dB in arbitrary units) is of the order of the fifth singular value. As the maxima, corresponding to the first singular value, is about 80 dB, the signal dynamic is about 40 dB. The singular value peaks are associated with cutoff frequencies (for example A 1 at 0.4 MHz for the plate). The signal subspace dimension M (Eq. 1) is considered equal to 5, i.e. all the singular vectors are retained to built the Norm functions. As for the singular value spectra, the two Norm functions are mostly similar. The length and the number of trajectories are comparable in both cases. However, the tube case appears to be more noisy due to lower energy level: the trajectories associated with guided modes appear less clear.
Finally, the experimental dispersion relation, i.e. the experimental guided wavenumbers in function of frequency k n exp (f) are shown in figures 2(e) and (f). They are obtained by extraction of the maxima of the Norm function with values larger than a threshold equal here to 0.5. These values are then compared with theoretical modes of the free transverse isotropic plate modes. 16, 17 Experimental modes are overall in good agreement with theoretical values. Modes are labeled considering their apparition order in frequency. Moreover, the tube modes are well predicted by the plate model. It seems to be in agreement with the fact that the probe works in piston mode. Horizontal shear displacement are not excited, only motion in the plane (Ox 1 x 3 ) is considered.
2 This question will be studied in future works.
(a) 
CONCLUSION
In summary, in this study two bone-mimicking phantoms, a plate and a tube of similar thickness, were compared. Experimental guided modes were successfully measured on the tube. Results are in good agreement with the theoretical modes obtained considering a transverse isotropic plate model. These results are promising as they indicate that the modes propagating in the bone-mimicking tube can still be identified for the purpose of the characterization of the material and structural properties of the bone waveguide. Future studies will be extended to in vitro measurements.
